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INTRODUCTION

The inherent high bandwidth available with optical frequencies encourages the search for
new optical processes and materials that will permit the utilization of the theoretical capability of
optical processing of information. Rapid advances both in fiber-optic communications and in data
storage have already occurred. Also, research on the fundamental components of optical processes
is proceeding rapidly and giving added stimulus to the concept of all-optical systems for rapid,
high-volume information processing applications such as communications, computers, and image
analysis.

High-speed, high-capacity, random-access memories play an increasingly vital role in
computers, telecommunications, image analysis, and other applications requiring large memory
capacity and high read/write rates. Traditional memory approaches are based on long-lived
magnetic polarization and on short-lived electronic logic circuits. The rapid progress in these
technologies, leading to increasing storage density and data transfer rates, has facilitated the
continuing explosive growth of computer capability.

For the past three years, SRI International has been investigating a new concept for fast,
high-density optical information storage based on the stimulated photon echo, which results from
constructive and destructive interference of the coherent emissions from a crystalline recording
medium. Binary input data, represented by a sequence of short laser pulses, are recorded as
modulations in the population distribution among the hyperfine levels of the ground state of the
active atomns. The stored information is retrieved later by exciting the sample with a single laser
pulse. The modulation in the ground state population is thus transferred to the excited state, where
the regular pattern of the modulation results in temporal recurrence of constructive interferences
between the emissions, leading to a train of emission pulses that reproduce the information
stored.1-6

During the past three years, we have demonstrated a new storage scheme for time-domain
optical memory (TDOM): it utilizes the pulse compression technique originally developed for
radar systems. In this scheme, the write and read pulses are biphase-modulated according to the
Barker codes? to increase their bandwidth. We show that this approach to data storage possesses
the same advantage as a frequency-chirped system, namely, the low laser-power requirements.
In addition, this technique allows us to secure stored information, since identical coding for both
write and read pulses is needed to recall faithfully the stored data.




The data throughput into and out of the memory can be increased substantially if the data
pulses carry additional spatial information, namely, two-dimensional (2-D) images. This parallel
storage approach using 2-D images has been demonstrated recently,3:6 and the results showed
there was no measurable effect on the write speed. Thus, a potential high-speed, high-density,
page-oriented, all-optics memory is possible with the stimulated echo.

However, the quality of the retrieved images in the earlier demonstration3-6 of stimulated
echo image storage was generally very poor. No attempt was made to address issues regarding
the intrinsic spatial resolution, the fidelity of the retricved images, and the likely causes of various
image distortions, for example. These issues are vital in evaluating TDOM, and we have
addressed them in considerable detail during the last three years. Our objectives were to examine
the quality of echo images under various experimental conditions by recording them with precision
and to explore the significance of the results with regard to the future development of a working
prototype.

Our work focused on examining the fidelity of the recalled images and their spatial
resolution as well as various image processing operations offered by the memory. The recalled
images were found to be of good quality because of their phase-conjugate nature. This unique
feature motivated us to examine the feasibility of using fiber optics for image transmission—an
issue important to the development of such a memory device. Two primary processing operations,
two-image convolution and correlation, were demonstrated, and implications of the results for
high-speed pattern recognition and optical interconnections are discussed in this report.

We have discovered a practical approach to image storage in a coherent time-domain optical
memory that can be readily implemented with existing technologies. In this approach, 2-D images
are stored holographically in narrow ( < 1 MHz) frequency channels of a time-domain storage
material, with one image per channel. Advantages of this approach include fast single-frame
recording time, variable playback speeds, random frame access, and the ability to perform in-
memory image processing. Experimental results have demonstrated high-resolution, high-fidelity,
single-channel image storage in Pr3+:YAIOj3 with the use of a single-frequency ring laser.




BACKGROUND

To illustrate the storage of information in the time domain, we use a simple diagram to
describe the storage and retrieval of, first, a single bit, and then several bits, of information.
Figure 1(a) shows the temporal sequence of laser pulses (i.c., the write, data, and read pulses)
required to store and retrieve several bits of serial information. The frequency of the laser excita-
tion pulses is fixed to a particular color that is in resonance with a particular group of atoms within
the larger absorption line of the memory crystal. We use a rare-carth ion doped in a crystal as our
memory crystal. At low temperatures (4 to 10 K), the width of the frequency absorption of a
single rare-earth ion is very small (a few kilohertz). However, the overall absorption width of
the memory crystal is much larger (many gigahertz) because the rare-earth ions occupy a distribu-
tion of different sites in a crystal. Therefore, individual ions do not see the write and data puises
occurring, respectively, at times ty = 0 and tp as two different pulses but rather as a complex
pulse with a well-defined frequency Fourier transform.

For simplicity, Figure 1(b) shows the frequency Fourier transform (FT) of the write pulse
and one of the data pulses from Figure 1(a). The FT of the three-pulse data pulse train shown in
Figure 1(a) will be more complex than that shown in Figure 1(b). Figure 1(b) shows that the
excitation spectrum is not uniform but is amplitude-modulated at frequencies proportional to the FT
of the data pulse train. Therefore, the absorption of the memory crystal around the color of the
laser itself will be modulated as a function of the absorption frequency. In other words, within
a micron-sized pixel in the memory crystal, the serial bits representing information in the time
domain are stored by a small group of atoms absorbing a particular color of light by Fourier trans-
forming the temporal signal into frequency-domain absorption modulation. The information can be
stored for many hours at low temperatures in a Eu3+:YAIQ; crystal.

To read the information, we need only excite the memory crystal at time tg with a single
laser pulse of the same colors as the data and write pulses. The read pulse causes the atoms to take
the inverse Fourier transform of the frequency population modulation, and the result is a coherent
emission or echo by the memory crystal at time tg + (tp - tw). The echo puise emitted by the
memory crystal mimics the data pulse train, and the serial data can therefore be retrieved. Further-
more, the coherent nature of the emitted signal from the memory crystal allows the entire signal to
be captured by a single detector at a high signal-to-noise ratio.
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Figure 1. Storage and retrieval of information.




We can begin to evaluate the potential storage density and read/write speeds for the
stimulated echo memory approach by considering the restrictions placed on the laser pulses by
the spectral properties of the absorbing atoms. The first requirement is that the laser pulses be
separated by enough time that they are distinguishable. The minimum temporal separation between
neighboring pulses is given by

where J; (called the inhomogeneous linewidth) is the spread in the absorption frequencies of the
atoms in the various sites in the sample.

The second requirement is that the last data pulse must arrive while the excited atomic
dipoles can still compare it with the first data pulse. The maximum time between the first and last
data pulse is given by

where 8y (called the homogeneous linewidth) is the effective absorption linewidth of an atom at a
specific site. T? is also called the dephasing lifetime. Its maximum value is the radiative lifetime of
the excited state.

Thus, T2/%p (or equivalently, 5/8y) bits of information at most can be stored in a single
spot, and the read/write rate is just 1/3p. For Eu3+ doped in Y2SiOs, the optimum storage material,
the ratio 8y/Sy is 5 x 106 and 1, = 100 ps, resulting in a read/write rate of greater than 1010 bits/s
and a storage density of more than 10 bits per spatial spot.’

RANDOM ACCESS MEMORY

As discussed in the preceding section, stimulated echo (SE) memory is a high-speed, dense
optical memory and is intrinsically massively parallel. In the standard implementation of the SE
memory, long word sizes in the range of 10# to 105 bits emerge in a natural way to achieve the
high-density optical storage. The long word size is reasonable and perhaps desirable for some
random mass memory applications. However, in contrast, random-access memory application
requires partitioning the memory into smaller subunits so that each memory location has the
following features:




(1) Word size should be smaller (16, 32, 64, 128... bits long), so that each
memory location is randomly accessible for both reading and writing without
other locations being affected.

(2) The cgntents of each memory location should, in principle, be independently
erasable.

(3) Reading and writing to different memory locations simultaneously should
be possible.

To address these random-access memory features, a new data storage scheme that is, in essence,
a hybrid of the time-domain SE concept and the frequency-domain hole-burning scheme has been
developed. The basic new idea is the partitioning of the absorption frequency domain into smaller
bins, so that each frequency bin stores a smaller amount of information independently. The bins
are distinguishable by their different absorption frequencies, and they are accessed by changing the
laser frequency (color). However, information is still read and written using SE concept (i.e., the
time-domain pulse sequence).




RESULTS

USE OF BIPHASE-CODED PULSES FOR WIDEBAND DATA STORAGE IN
TIME-DOMAIN OPTICAL MEMORIES

We have demonstrated a new storage scheme for a time-domain optical memory: it utilizes
the pulse compression technique3 originally developed for radar systems. In this scheme, the write
and read pulses are biphase-modulated according to the Barker codes8 to increase their bandwidth.
As discussed below, this approach to data storage possesses the same advantage as a frequency-
chirped system, namely, the low laser-power requirements. In addition, this technique allows us
to secure stored information, since identical coding for both write and read pulses is needed to
recall faithfully the stored data.

The use of phase-modulated pulses to perform data storage and retrieval in a time-domain
optical memory was first investigated by Zhang et al.? These authors introduced pseudo-random-
phase noise to the write and read pulses in an attempt to increase the bandwidth of the pulses.
However, the signal-to-noise ratio of their retrieved data was poor. In this demonstration, instead
of random-phase noise, we used the 13-bit Barker code to biphase-modulate the write and read
pulses. This modulation effectively divides a long pulse of duration T into N (i.e., 13 here)
subpulses of equal length t, whose phase either remains unchanged or is shifted by n. Several
important properties of the Barker codes (also known as “perfect” codes) are worth mentioning
here. An autocorrelation of such a code yields a compressed pulse and some sidelobes.8 The
compressed peak occurs at the center of the correlation function and expands over a time duration
of 2T. The energy among the sidelobes is uniformly distributed. Furthermore, the electric field
envelope of the compressed pulse has a triangular shape with a width (full width at half maximum,
FWHM) of 1. Finally, the ratio of the compressed peak intensity to the maximum sidelobe power
is equal to N2 (Ref. 10). For the 13-bit Barker code, this ratio is 169.

The experimental setup used to demonstrate the faithful storage and retrieval of optical
information by using biphase-modulated pulses is shown in Figure 2, along with the temporal
sequence of the laser and echo pulses. An experimental setup is described in detail in Appendix A.
Five data pulses with different lengths and intensities were used to examine the faithfulness of
the data retrieval. These pulses, along with the write and read pulses, were focused into the
Pr3+:YAIQ; crystal as shown in Figure 2. The laser spot size at the sample was measured to be




approximately 125 uym (FWHM). The separation between the write pulse and first data pulse (g -
tw) and that between the first data pulse and the read pulse (t, - tg) were approximately 4 and 19 ps,

respectively. With this arrangement, the echo pulse train started 4 ps after the arrival of the read
pulse.
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Figure 2. Experiment to demonstrate the use of biphase-coded write and read pulses for the
storage and retrieval uf optical data in a stimulated echo memory. (a) Schematic of
experimental setup. AOMs, acousto-optical modulators; PMT, photomultiplier tube.
(b) Temporal sequence of the laser and echo pulses. The write and read pulses were
biphase-modulated as shown by the + and - signs. The + sign represents no phase
change, while the - sign represents a phase shift of « radians.




Figure 3 shows experimental results demonstrating the storage and retrieval of 5-bit optical
data with the 13-bit Barker code. In Figure 3(a), the write and read pulses had identical coding
and, as expected, the stored data were faithfully recalled. The fact that the intensity of the third
input data pulse was higher than the rest was clearly reflected in the echo signal recorded here. The
slight intensity modulation of the echo pulses was in part due to the presence of hyperfine splitting
of the 1D, state of Pr3+, which can be removed by choosing appropriate rare-earth solids, (e.g,
Eu3+ doped materials). Here the width of the first four pulses was approximately 300 ns while
that of the fifth pulse was 600 ns. Because the first four pulses were not significantly longer than
the compressed pulse (~125 ns) resulting from the autocorrelation, the effect of subsequent convo-
lution with the data pulses is evident, that is, the shape of the first four recalled pulses is nearly
triangular instead of rectangular [see Figure 3(a)]. Our estimate of the sidelobe-induced back-
ground intensity relative to the recalled data pulse intensity for the data pulse train used here
indicates the signal-to-background ratio to be ~10, in good agreement with the experimental
results.

To demonstrate the technique's ability to secure stored data, we purposely changed the
coding of the read pulse so that the write and read pulses were not identical. Figure 3(b) shows the
results obtained with the mismatched write and read pulses. Here the 11th and 13th bits of the read
pulse were incorrectly coded. As a result, the recalled echo signal did not resemble the input data.
The fine structures observed in the write and read pulses in Figure 3 were caused by the biphase
modulation. Here the data were obtained by averaging over 64 events at a rate of 30 Hz, and the
energies of the write and read pulses used were ~50 nJ.

Unfortunately, the longest known Barker code has only 13 bits, which limits8 the time-
bandwidth product of such codes to no more than 13. However, there do exist longer codes!!
(known as “good” codes), whose sidelobe structures are nearly uniform. In addition, polyphase
codes12 can also be used to increase the time-bandwidth product to permit the storage of ultrashort
data pulses with long write and read pulses.

IMAGE STORAGE AND RETRIEVAL THROUGH AN OPTICAL FIBER

Image information, encoded as a spatial intensity pattern, is rapidly scrambled as it
propagates in an optical fiber because of mode coupling.!3 The only method known thus far to
restore an image scrambled by an optical fiber is to use a phase-conjugating mirror and retransmit
the scrambled image through an identical fiber link. This finding limits the practical use of optical
fibers for image transmission.
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Figure 3. Storage and retrieval of 5 data puises using biphase-coded write and read pulses.
(a) Here the write and read pulses were coded identically by using the 13-bit Barker
code. (b) Here 2 of the 13 bits (Bits 11 and 13) in the read pulse were coded
incorrectly.

We present here an example in which optical fibers are used for image transmission in a
practical image storage device. As discussed earlier, if the first input pulse is used as a data pulse,
the time-domain optical memory is essentially a delayed phase-conjugating mirror. Therefore, the
scrambled echo images, after being transmitted through the same fiber that creates the distortion
during the data storage, are restored to their original, undisturbed form upon retrieval.
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Figure 4 shows experimental results demonstrating such an application for image

transmission. A detailed description of the experimental apparatus is included in Appendix B.
. Here the input image was first focused into a muitimode fiber (400 um in diameter, 40 cm long)
by using a 400-mm focal length lens. The output from the fiber was then imaged onto the sample
(see the part labeled "Optional” in Figure 1 of Appendix B). As expected, the input image was
completely scrambled after being transmitted through the fiber [Figure 4(b)]. However, when the
scrambled image was stored and later retrieved through the same fiber, we detected a restored
image, as shown in Figure 4(c).

CPm 196) ¢

Figure 4. Experimental demonstration of phase conjugation. (a) input data image, (b) after
passage through a multimode optical fiber, and {c) echo image retrieved.

These results have important implications for the development of TDOM. With optical
fibers, the memory can be more compact and requires no optical alignment. Furthermore, multiple
fibers can be used to simultaneously store and retrieve many images and thus increase further the
data throughput rate or to store large images that cannot be handled by lens systems. Another
potential application of this fiber-based optical memory would be a multiuser central system, where
each user's data are stored through an optical fiber in one memory location in the central system.
This approach would significantly reduce the cost as well as the effort of keeping the storage
material at required low temperatures. However, issues such as the effect of fiber thermal
fluctuation on retrieved images must be carefully studied before this technique is implemented.

11
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HIGH-SPEED IMAGE PROCESSING

The unique storage/retrieval mechanism of TDOM permits its use for high-speed image
processing as discussed earlier. Xu et al. have demonstrated the operation of two-image correla-
. tion using TDOM.14 However, because these authors used transmission masks with high degrees
of symmetry, they were unable to demonstrate certain features of spatial correlation. In addition,
two-image convolution available with TDOM has not previously been studied experimentally.

To demonstrate two-image convolution and correlation with clarity, we used transmission
masks with low degrees of symmetry, such as the numerals "5" and "7". The horizontal direction
(from left to right) of the masks was chosen to be the X-axis and the vertical direction (from
bottom to top) to be the Y-axis. The Z-axis (using the right-hand coordinate system) was chosen
to be along the same direction as that of the second (write) pulse. Qur experimental results (sum-
marized in Figure 5) show that the two-image correlation operations [Figures 5(a) and (b)] are not
symmetric with respect to the order of the inputs, but the convolution operations are [Figures 5(c)
and (d)]. Figure 5 further shows that if the second pulse were used as a data pulse, the retrieved
image would be inverted (x— -x, y— -y), as predicted by Relation (2) in Appendix C.

. This demonstrated processing ability, along with the potentially high storage density,
makes TDOM an ideal candidate for high-speed pattern recognition. A large data base can be
. created before processing by storing reference images into the memory sequentially, using a single

write pulse. The unknown spatial information to be analyzed (or the data image) is carried by the
read pulse at a later time. Under this condition, the echoes generated upon the arrival of the data
image are the spatial correlations between the data image and every reference image. Since the
temporal sequence of the echo pulses is uniquely related to that of the reference pulses, the
reference image that yields high spatial correlation with the data image can then be identified from
the corresponding echo image. Such an application to pattern recognition has recently been
demonstrated successfully in our laboratory.15

Further applications of TDOM include optical interconnects, where the stored images can
be directed simultaneously to many output ports by using an appropriately encoded read pulse.
Figure 5(c) demonstrates such an application, where the stored numeral “7" was sent simul-
taneously to three output ports by the read pulse. The advantage of this approach for optical
. interconnects is its rapid reprogrammability. The output ports can be changed every time a read
command is issued.

12
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correlations and (c)-(d) two-image convolutions.
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TIME-DOMAIN HOLOGRAPHIC IMAGE STORAGE

We have invented a new approach to time-domain image storage. This approach not only
retains those features that are unique to CTDOM but also permits random frame access and variable
playback speed. Most importantly, it can be readily implemented with the use of existing low-
power cw lasers, a key requirement for a practical storage device.

In the proposed approach, two-dimensional input images are stored in narrow (Av < 1
MHz) frequency channels within an inhomogeneously broadened absorption line of a rare-earth
solid by using a low-power cw laser, with one frame per frequency channel (Figure 6). Each
image is stored by first tuning the laser wavelength to the desired channel and illuminating the
sample with two temporally separated pulses known as the reference (Er)) and the object (E,)
pulses. E.,-l, a spatially uniform laser pulse carrying no information, proceeds E,, which carries
the spatial information (e.g., an image) to be stored. The latter can be generated by transmitting
a spatially uniform laser pulse through a spatial-light-modulator (SLM). The image thus recorded
is a time-domain hologram resulting from the interference of the temporally delayed pulses via
interaction with dipoles in the storage material.

The above recording procedure is repeated for subsequent input images at different
channels, and it can be initiated, for example, at the low-frequency side of the inhomogeneous
line and completed at the opposite side by incrementally increasing the laser wavelength at the
corresponding input rate. For an inhomogeneous bandwidth of 6 GHz (typical of a rare-earth
solid) and Av = 1 MHz, a total of 6000 images can be stored at one spatial location.

The image stored in a particular channel is recalled by tuning the laser wavelength to the
channel location and exciting the sample with another reference pulse (or the read pulse, Er,),
whose spatial profile is identical to that of E‘l‘ The read pulse induces an echo that contains spatial
information identical to E,.

The time required to record a single frame, 1, is determined by the temporal widths of Er,
and E , as well as their separation, which can be reduced to zero with no effect on the stored
information. The channel switching time can be much shorter than T, for the small frequency
increment proposed here (i.e., <1 MHz). Thus, the upper limit of the recording speed is
determined mainly by the reciprocal of 1, and the latter can be estimated from the efficiency of
a stimulated echo.

To demonstrate the feasibility of using low-power lasers for image storage in the proposed
scheme, we performed two-dimensional image storage in a Pr3+:YAlO3 crystal (~0.1 at.%).

14
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Figure 6. Schematic of the one-frame-per-channel approach to image storage in CTDOM.
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Figure 7 shows the schematic of the experimental apparatus (see Appendix D). Thc3l-l‘-
lDz transition of Pr* :YAIO; (a wavelength of 610.5 nm) was used, and the sample (2.5 mm thick
X 7-mm diameter) was mounted in a He-vapor cryostat at ~4 K. The arrangementoonandE,I
(E,z)haemchoscnwbesimihrmmngemmmuscdinsmndmdholomphicdmmrage.i.e
E, and Eq, (Ey,) propagate along different directions and intersect at the sample as shown in Figure
70methe1ntersecnnganglewas~8) Instead of imaging the input on the sample to the size
required for efficient echo generation, we used a single lens and placed it behind the mask to focus
the image down to approximately 1 x 1 mm. An identical lens was used behind the sample to
reconstruct the focused image back to its original form, which was then detected by a gated intensi-
fied charged-coupled-device (CCD) camera (a 6 x 4.5 mm CCD chip with 610 x 488 pixels). The
separation between the mask and focusing lens was chosen to be equal to the focal length. The
image thus stored was only an approximate Fourier image (because the sample was not exactly in
the focal plane) and therefore, to prevent image-dependent saturation at the center, its DC terms
were spread over a much larger area than for an exact Fourier image.

- Ring Laser

610.5 nm

AOM

AOM

E"ﬂ-"-e—-{ Icco

Reference
Puises

CM-1583-47

Figure 7. Experimental setup for time-domain holographic image storage. AOM, acousto-
optic modulator, ICCD, intensified CCD camera; BE, beam expander.
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Figure 8 shows an input (a standard U.S. Air Force resolution chart) and its echo image.
The image was stored by a 5-jis-long reference pulse and later recalled by a read pulse of the same
length. For experimental convenience, we chose the separation between E,l and E, (or Efz) to be
~15 s (or 55 us) and the length of E to be 2.5 ps. The power of the three inputs was ~150 mW.
Careful inspection shows that the closest line pairs resolved were >4.0 line pairs/mm (group 2,
clement 1). The echo image was obtained from a single storage/retrieval event with no signal
averaging.

We further examined the response of echoes to grayscale inputs by using a mask (4 x 11
mm) consisting of six different transmission levels [Figure 9(a)}; the recorded echo is shown in
[Figure 9(b)]. To quantitatively evaluate the image quality, we plotted [Figure 9(c)] the intensity
averaged over rows (excluding the rows where numeric labels for different brightness bands were
located) as a function of the column number for both the object and echo images; we found that the
brightness ratios taken between adjacent transmission levels of the echo match those of the object
image to within 13%. The observed low intensity in the first 40 columns in [Figure 9(c)] arises
from the presence of opaque letters printed along the side of the input, and the slow change of
intensity from one brightmess level to the next is caused by slight misalignment of the input image
with respect to the CCD camera.

(a) (b)

CP.1563-45

Figure 8. Experimental results demonstrating holographic image storage in CTDOM.
(a) input image (resolution chart), (b) echo image.
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Figure 9. Experimental resuits demonstrating the storage of grayscale inputs. (a) Input image
oonsisting of six different transmission levels. (b) Recalled image. (c) Average
intensities of the input and echo as a function of the column number.
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The quality of the recorded images here (both the input and the echoes) was found to be
limited by the nonuniform response of the gated image intensifier in the CCD camera. Images
(c.g., input images) with improved quality can be obtained by using a conventional CCD camera
having no microchannel-plate intensifier. This finding suggests that the intrinsic quality of the
echo images may well be higher than what was observed here. Another factor affecting the image
quality is the Gaussian nature of laser spatial profiles. Spatially uniform laser beams are necessary
for high-quality image storage.
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CONCLUSIONS

We have successfully demonstrated that appropriately phase-coded laser pulses can replace
frequency-chirped pulses to perform data storage and retrieval in a time-domain optical memory.
The advantage of this approach is that it also provides a means of securing the stored information.
Without a detailed knowledge of the coding used for the write pulses, the stored information
cannot be recalled faithfully.

We have examined the use of the time-domain optical memory for image storage and image
processing. Our results suggest the first pulse should be used as a data pulse to carry spatial
information for image storage, since under this condition the retrieved image is the phase-conjugate
replica of the data image. This unique feature not only ensures the recall of distortion-free images
but also permiits the use of optical fibers for image transmission. The latter property opens up the
possibility of developing fiber optics-based image storage devices.

The inherent image processing capability of TDOM provides unprecedented flexibility in
handling stored information and makes TDOM an ideal candidate for high-speed pattern recogni-
tion and optical interconnections. Combining these features with the temporal processing ability
demonstrated elsewhere, TDOM shows an incomparable potential to be a high-performance, high-
density, massively parallel optical memory with features such as content-based retrieval.

We have devised a practical approach to image storage in TDOM that features random
frame access, variable high recording and playback speeds, and in-memory image processing. A
feasibility study of this approach was undertaken by storing a single image into a 1-MHz-wide
frequency bin. The stored image had good spatial quality and high fidelity.
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Use of biphase-coded pulses for wideband
data storage in time-domain optical memories

X. A. Shen and R. Kachru

We demonstrate that temporally long iaser pulses with appropriate phase modulation can repiace either
temporally brief or frequency-chirped pulses in a time-domain optical memory to store and retrieve
information. A 1.65-us-long write pulse was biphase modulated according to the 13-bit Barker code for
storing multiple bits of optical data into a Pr3*:YAIO, crystal, and the stored information was later
recalled faithfully by using a read pulse that was identical to the write pulse. Our results further show
that the stored data cannot be retrieved faithfully if mismatched write and read pulses are used. This
finding opens up the possibility of designing encrypted optical memories for secure data storage.

Key words: Stimulated photon echoes, time-domain optical memory, Barker codes, biphase pulse

compression.

The use of stimulated echoes for storing optical
information in rare-earth solids has received in-
creased attention in recent years.!? The technique
(referred to as the time-domain optical memory) has
shown the potential of providing high storage density
and high read-write speed simultaneously. Addi-
tional features, such as the ability to perform in-
memory signal processing,34 also make the stimu-
lated echo an ideal candidate for high-speed digital
and analog signal processing. Two storage schemes
have been developed: one uses temporally brief write
and read pulses for storing and recalling optical data,’
and the other uses temporally long frequency-chirped
pulses.® The latter approach was found to be more
practical since it requires substantially lower power
for the write and read pulses and yet provides the
bandwidth needed to handle short data pulses.

Here we propose and demonstrate a new storage
scheme for a time-domain optical memory, which
uses the pulse compression technique’ originally de-
veloped for radar systems. In this scheme the write
and read pulses are biphase modulated according to
the Barker codes’ for increasing the pulse bandwidth.
We show that this approach to data storage possesses
the same advantage as a frequency-chirped system,
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namely, low laser-power requirements. In addition,
this technique permits us to secure stored informa-
tion since identical coding for both write and read
pulses is needed to recall faithfully the stored data.

The use of phase-modulated pulses for performing
data storage and retrieval in a time-domain optical
memory was first investigated by Zhang et al.®
These authors introduced pseudorandom-phase noise
to the write and read pulses in an attempt to increase
the bandwidth of the pulses. However, the signal-to-
noise ratio of their retrieved data was poor. In this
demonstration, instead of random-phase noise, we
used the 13-bit Barker code to biphase modulate the
write and read pulses. This modulation effectively
divides a long pulse of duration T into N (i.e., 13 here)
subpulses of equal length r, whose phase either
remains unchanged or is shifted by . Several impor-
tant properties of the Barker codes (also known as
perfect codes) are worth mentioning here. An auto-
correlation of such a code yields a compressed pulse
and some sidelobes.” The compressed peak occurs at
the center of the correlation function, which expands
over a time duration of 2T. The energy among the
sidelobesis uniformly distributed. Furthermore, the
electric-field envelope of the compressed pulse has a
triangular shape with a width (FWHM) of . Finally,
the ratio of the compressed peak intensity to the
maximum sidelobe power is equal to N2. For the
13-bit Barker code this ratio is 169.

The use of the biphase-coded pulses for storing and
retrieving optical data can be appreciated by examin-
ing the following expression® for the stimulated-echo
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electric-field envelope in a small pulse area limit:

Et) = r El(w)E{w)E (wlexp(—ivt)dw. (1)

Here E (0), E4w), and E,(w) are the Fourier trans-
forms of the electric-field envelopes of the write, data,
and read pulses, respectively. The above relation
can be rewritten in terms of correlation and convolu-
tion among the pulses:

Eft)x [E,(t") @ E{t")] « E4t’), (2)

where ® and * represent the temporal correlation and
convolution, respectively. It is clear from Eq. (2)
that, in order to retrieve faithfuily E, (i.e., E, x E;),
one requires the correlation of E, with E, to be a
single sharp peak with a temporal width much shorter
than the shortest data pulses of interest.

The compression of pulses through a correlation
operation, as discussed earlier, can be achieved by
using the Barker codes. For example, the width of
the compressed peak obtained from the autocorrela-
tion of a 13-bit Barker code is only 1/13 of that of the
input, while the intensity of the peak is 169 times
higher than the maximum power of the sidelobes.
Thus one can neglect the sidelobes in the subsequent
convolution with data pulses, provided that (a) the
data bandwidth is smaller than the bandwidth of the
write-read pulses (i.e,, 1/7) and (b) the individual
data pulse length is much shorter than the total
length of the sidelobes (i.e., 2T). The latter require-
ment arises because of the particular Barker code
used here. The sidelobes generated by the autocorre-
lation of the 13-bit code happen to have an identical
phase. Thus their convolution with a long pulse
(>2T) would lead to the integration of all the side-
lobes, giving rise to a high background level. Howev-
er, this pulse-length requirement can be removed if
the data-pulse train is biphase modulated at a rate of
1/1. We have successfully demonstrated recently
the use of the Barker codes for compressing optical
pulses in a stimulated echo experiment.*

The experimental setup for demonstrating the
faithful storage and retrieval of optical information
with biphase-modulated pulses is shown in Fig. 1
along with the temporal sequence of the laser and
echo pulses. The optical information was storedin a
Pr3+:YAIQ; crystal (0.1 at. %) on the 3H-'D, transi-
tion (transition wavelength of 610.5 nm) of the Pr3+
ions. The sample was mounted in a flowing helium
vapor cryostat at a temperature of ~3.5K. A Coher-
ent (model 699-29) single-frequency ring laser, along
with an acousto-optic modulator (AOM2), was used to
generate the write, data, and read pulses. The write
and read pulses were phase modulated according the
13-bit Barker code. This modulation was accom-
plished at the rf level by using a biphase modulator,
which in turn modulated the phase of the optical
pulses.® The width of the subpulses resulting from
this modulation was ~ 125 ns.

Five data pulses with different lengths and intensi-
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Fig. 1. (a)Schematic of experimental setup for demonstrating the
use of biphase-coded write and read pulses for the storage and
retrieval of optical data in a stimulated-echo memory: AOMI1-
AOM3, acousto-optical modulators; PMT, photomuitiplier tube.
(b) Temporal sequence of the laser and echo pulses. The write and
read pulses were biphase modulated, as shown by the + and -
signs. The + sign represents no phase change, while the - sign
represents the phase shift .

ties were used to examine the faithfulness of the data
retrieval. These pulses, along with the write and
read pulses, were focused into the Pr3+:YAIO; crystal,
asshown in Fig. 1. The laser spot size at the sample
was measured to be ~ 125 um (FWHM). The separa-
tions between the write and the first data pulses
(t4 ~ t,) and between the first data and read pulses
(¢, ~ t;) were approximately 4 and 19 ps, respectively.
With this arrangement, the echo-pulse train started 4
us after the arrival of the read puise.

An additional acousto-optic modulator (AOM1) was
employed to remove the residual dc signal caused by
the insufficient extinction ratio of AOM2. This mod-
ulator produced a single pulse that was long enough
for AOM2 to generate the required write, data, and
read pulses, and it was turned off thereafter to
minimize the dc background at the echo time. The
modulator AOMS in Fig. 1 served as a fast shutter to
deflect only the echo pulses to the photomultiplier
tube (PMT) for recording.

Figure 2 shows experimental results demonstrat-
ing the storage and retrieval of 5-bit optical data with
the 13-bit Barker code. In Fig. 2(a) the write and
read pulses had identical coding and, as expected, the
stored data were faithfully recalled. The fact that
the intensity of the third input data pulse was higher
than the rest was clearly reflected in the echo signal
recorded here. The slight intensity modulation of
the echo pulses was in part caused by the presence of
hyperfine splitting of the 1D, state of Pré+, which can
be reduced at the rate of our experiment by choosing
appropriate rare-earth solids (e.g., Eu?*-doped mate-
rials). Here the width of the first four pulses was
~ 300 ns, while that of the fifth pulse was 600 ns.
Because the first four pulses were not significantly
longer than the compressed pulse ( ~ 125 ns) resulting
from the autocorrelation, the effect of subsequent
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Fig. 2. Storage and retrieval of five data pulses with biphase-
coded write and read pulses: (a) write and read pulses were coded
identically by using the 13-bit Barker code, (b) two of the 13 bits
(bits 11 and 13) in the read pulse were coded incorrectly.

convolution with the data pulses is evident; i.e., the
shape of the first four recalled pulses is nearly
triangular instead of rectangular [see Fig. 2(a)]. We
estimated the sidelobe-induced background intensity
relative to the recalled data pulse intensity for the
data-pulse train used here, and we found the signal-to-
background ration to be ~ 10, in good agreement with
the experimental results.

To demonstrate the technique’s ability to secure
stored data, we purposely changed the coding of the
read pulse so that the write and read pulses were not
identical. Figure 2(b) shows the results obtained
with the mismatched write and read pulses. Here
the 11th and 13th bits of the read pulse were incor-
rectly coded. As a result, the recalled echo signal did
not resemble the input data. The fine structures
observed in the write and read pulses in Fig. 2 were
caused by the biphase modulation. The data in Fig.
2 were obtained by averaging over 64 events at a rate
of 30 Hz as the laser frequency was slowly swept (to
avoid detecting accumulated echoes). The energies
of thenJ full write~read pulses used in both cases were
~50nd.

Unfortunately, the longest known Barker code has
only 13 bits, which limits the time-bandwidth prod-
uct of such codes to be no more than 13.7” However,
there do exist longer codes!? (known as good codes),
whose sidelobe structures are nearly uniform. In

A-3
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addition, polyphase codes!! can also be used to in-
crease the time-bandwidth product for permitting
the storage of ultrashort data pulses with long write
and read pulses.

In conclusion, we have successfully demonstrated
that appropriately phase-coded laser pulses can re-
place frequency-chirped pulses for performing data
storage and retrieval in a time-domain optical memory.
The advantage of this approach is that it also provides
a means of securing the stored information. With-
out detailed knowledged of the coding used for the
write pulses, the stored information cannot be re-
called faithfully, as was demonstrated here.

This work was supported by the U.S. Air Force
Office of Scientific Research under contract F-49620-
90-C-0083.

References

1. S. Kréll, L. E. Jusinski, and R. Kachru, “Frequency-chirped
copropagating multiple-bit stimulated-echo storage and re-
trieval in Pr3+:YAIO,,” Opt. Lett. 168, 517-519 (1991), and
references therein.

2. M. Mitsunaga, R. Yano, and N. Uesugi, *‘Time- and frequency-
domain hybrid optical memory: 1.6-kbit data storage in
Eud*:Y,SiOs,” Opt. Lett. 16, 1890-1892 (1991), and refer-
ences therein.

3. Y. S. Bai, R. Babbitt, N. W. Carison, and T. W. Mossberg,
“Real-time optical waveform convolver /cross correlator,” Appl.
Phys. Lett. 48, 714716 (1984).

4. X. A Shen, Y. S. Bai, and R. Kachru, ‘‘Reprogrammable optical
matched filter for biphase-coded pulse compression,” Opt.
Lett. 17, 1079-1081 (1992).

5. M. K. Kim and R. Kachru, “Many-bit optical data storage
using stimulated echoes,”” Appl. Opt. 28, 21862189 (1989).

6. Y. S. Bai, W. R. Babbitt, and T. W. Mossberg, “Coherent
transient optical pulse-shape storage/recall using frequency-
swept excitation pulses,” Opt. Lett. 11, 724726 (1986).

7. M. N. Cohen, in Principles of Modern Radar, J. L. Eaves and
E. K Reedy, eds. (Van Nostrand Reinhold, New York, 1987),
pp. 465-501, and references therein.

8. J. M. Zhang, D. J. Gauthier, J. Huang, and T. W. Mossberg,
“Use of phase-noisy laser fields in the storage of optical pulse
shapes in inhomogeneously broadened absorbers,”” Opt. Lett.
16, 103-105 (1991).

9. A. Yariv, Quantum Electronics, 2nd ed. (Wiley, New York,
1975), pp. 327-370.

10. J. Lindner, “Binary sequences up to length of 40 with best
possible autocorrelation function,” Electron. Lett. 11, 507
(1975).

11. S. W. Golomb and R. W. Scholtz, “Generalized Barker
sequences,”’ IEEE Trans. Inf. Theory IT-11, 533-537 (1965).

10 June 1993 / Vol. 32, No. 17 / APPLIED OPTICS 315




Appendix B

TIME-DOMAIN OPTICAL MEMORY FOR IMAGE
STORAGE AND HIGH-SPEED IMAGE PROCESSING




Time-domain optical memory for image
storage and high-speed image processing

X. A. Shen and R. Kachru

We present an experimental study on the use of the time-domain optical memory for image storage and
high-speed image processing. We focus on examining the fidelity of the recalled images and their spatial
resolution as well as various image-processing operations offered by the memory. The recalled images
were found to be of good quality because of their phase-conjugate nature. This unique feature further
motivated us to examine the feasibility of fiber optics being used for image transmission, an issue
important to the development of such a memory device. Two primary processing operations, two-image
convolution and correlation, were demonstrated, and implications of the results for high-speed pattern
recognition and optical interconnections are discussed.

Key words: Stimulated photon echoes, time-domain optical memory, phase conjugation, two-image

convolution and correlation.

1. Introduction

Optical memories are attractive because they offer
high storage density and large degrees of parallelism.
Various types of optical memories have been proposed
and demonstrated.!#¥ Among them is time-domain
optical memory (TDOM), which is based on a coher-
ent optical phenomenon known as stimulated photon
echoes.>® This technique has some distinct advan-
tages over other optical approaches to data storage,
such as persistent spectral hole burning!? and pho-
torefractive effects.® These advantages include the
high write and read speeds and the ability to process
stored (both spatial and temporal) information.®-1!
The latter is particularly important in a high-density
storage device because it provides the means of
intelligently handling the large volumes of stored
information to simplify retrieval.

The storage of two-dimensional (2-D) images in
TDOM has been demonstrated in both gases and
rare-earth solids.”!213 Further studies have found
that TDOM is also capable of processing images, such
as two-image convolution and correlation, because of
its inherent storage-retrieval mechanism.!! This
discovery led to its recent successful application to
high-speed pattern recognition.14
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However, several issues regarding image storage
“and image processing, such as the fidelity of the
retrieved images, their spatial resolution, and the
probable causes of various image distortions, have
not been addressed. These issues are crucial in
evaluation of TDOM. In addition, the ability of
TDOM to process 2-D images has not been fully
demonstrated. For example, two-image convolution
has not been studied experimentally.

The purpose of this study was (1) to carefully
examine the quality of the images retrieved from a
TDOM so that issues such as image fidelity and
spatial resolution could be addressed and (2) to
explore the full potential of TDOM for image process-
ing. As an important part of this work, we also
studied the feasibility of using fiber optics for image
input and output in TDOM. Because the retrieved
(or echo) images in TDOM are phase-conjugate repli-
cas of the data images,”:! it is possible to input images
through fibers into the memory and to restore them
to their original form as they are retrieved.

2. Background

The details regarding the mechanisms by which
optical information is stored in a TDOM have been
covered extensively elsewhere.51516 Here, we only
summarize how the image storage-retrieval pro-
cesses take place in TDOM.

Stimulated photon echo is a coherent phenomenon
in which coherent radiation from materials occurs as
a result of interaction with laser pulses. The optical
information carried by laser pulses (images or simple
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digital pulses) is stored in the electronic states of the
storage materials through resonant excitations. In
rare-earth solids, for example, the information is
stored in the electronic states of rare-earth ions such
as Eud* and Pr3*. The entire storage-retrieval pro-
cess involves the use of a write pulse and a read pulse
in addition to the data pulses to be stored.

To simplify our discussion, consider the storage of
one data pulse, which occurs before the write pulse.
Because of the difference in local strain experienced
by each ion in the crystal, the energy spectrum
associated with a given electronic transition is broad-
ened, which is known as inhomogeneous broadening.
After the interaction with the data pulse at ¢;, a
portion of the ions are resonantly excited by the laser
pulse. Because the process is coherent, each excited
ion memorizes its initial phase (determined by the
laser radiation) and oscillates at its own resonant
frequency. Thus the temporal information of the
data pulse is converted into spectral information by
the crystal.

When the write pulse arrives at ¢,, it interferes with
the effect of the data pulse through laser-material
interactions: if the dipoles of the excited ions are in
phase with the write pulse, the interference is con-
structive; otherwise, it is destructive. This interfer-
ence, similar to the spatial interference of two coher-
ent laser beams in holography, contains the complete
information of the combined laser pulses.

If the storage material were a simple two-level
system, the storage time would be determined by the
lifetime of the excited state, and long-term data
storage would not be possible. However, in rare-
earth solids, as one example, hyperfine structures
exist in the ground state, and the excited ions are
likely to decay to hyperfine sublevels different from
the one at which the excitation was originated.
Thus the spectrally modulated population distribu-
tion generated by the data and write pulses can
persist in the hyperfine states for a long time. A
storage time of several hours has been demonstrat-
ed.8

To recall stored information from the hyperfine
sublevels, we re-excite the crystal by the real pulse at
ty. This pulse induces coherent radiation (known as
echoes) from the crystal at ¢, = t; + (¢ — ¢,). The
temporal profile < the echo is proportional to the
Fourier transforn: of ::e spectrally modulated ground-
state population di:tribution. In the limit of small
pulse areas, we can obtain this profile by performing a
temporal correlation between the write and read
pulses and then by convoluting the result with the
data pulse.? Thus for pulses with symmetric tempo-
ral profiles the resulting echo envelope is also symmet-
ric with a length greater than (or equal to) that of the
longest pulse among the three inputs. Since our
discussion focuses on the storage of spatial informa-
tion, we consider here only the spatial part of the echo
pulse. It can be shown that the spatial part of the

induced macroscopic polurization P has the form!®

P = u*(x, yluy(x, y)uslx, ylexpli(—k, + k; + ky)r],
(1)

where v, is the spatial modulation envelope of the ith
pulse and k; is the wave vector of that pulse (assum-
ing the input-pulse electric field has the form E; =
A(x,y, tiexplitkr — wot)] + c.c.). If the write (i = 2)
and read pulses (i = 3) are spatially uniform, P is
proportional to u,*(x, y). Thus the stored image is
recalled. If, in addition, a counterpropagating geom-
etry is used (i.e., k; = —k3), the recalled image is a
phase-conjugate replica of the data image propagat-
ing in the direction opposite that of the data pulse.

The ability to process 2-D images can be readily
seen from relation (1). If the Fourier-transformed
images are stored instead, P will be proportional to
the product of the three transformed input images.
And if, in addition, the echo image is Fourier trans-
formed back upon retrieval, then it can be shown!!.1?
that the spatial modulation envelope of the image
detected is

E, xug—x, -y)Quyl—x, =y) s 1 {~x, —y), (2)

where @ and * are the spatial Fourier correlation and
convolution, respectively. Relation (2) states that, if
u, is a delta function, the echo image is a convolution
of u, with us. 1If, instead, u, (or uj) is a delta
function, then the echo is a correlation of u; ior u,),
with u;.

Spatial Fourier transformations can be accom-
plished by use of converging lenses!8; however, cau-
tion must be taken to ensure that the Fresnel approxi-
mation is satisfied. For a given system this
approximation limits the maximum obtainable spa-
tial frequency as well as the sample thickness.
Under this condition the sample must be much
thinner than the focal depth determined by the
confocal parameter. A detailed discussion on the use
of converging lenses for image processing has been
presented elsewhere.!?

The above analysis of TDOM can be easily general-
ized to the storage of multiple images. However,
with the choice of the first pulses as a data pulse train,
the retrieved images are the time-reversed replicas of
the data images.!9-2!

3. Experimental Apparatus

The experimental setup is sketched in Fig. 1 along
with the temporal sequence of the input and echo
pulses. This is a typical setup for a three-pulse
backward-echo experiment. We chose this geometry
because the input laser pulses are spatially separated,
permitting the spatial modulation of individual pulses
for the purpose of image processing. In addition,
this geometry permits the use of optical fiber for
image transmission, as is discussed in Section 4.
The experiments were performed on the 3P,—3H,
transition in a Pr*:LaF; crystal (0.1 at %, 6-mm
diameter, and 1-mm thick), which was mounted in a
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Fig. 1. (a) Schematic of the experimental apparatus for image
storage and image processing in TDOM: BS’s, beam splitters:
BE's. beam expanders; M’s, mirrors; DL, dve laser: OD’s. optical
delay lines: CCD. intensifier CCD camera: SF. spatial filter. The
part labeled Optional is used to demonstrate phase conjugation.
ib) Temporal sequence of the input and echo pulses.

flowing helium vapor cryostat at ~6 K. Pr3-:LaF;
was chosen because it has a short storage time ( ~ 100
ms}, which permitted us to run experiments at 10 Hz.

A Nd:YAG (Quanta-Ray DCR-3) pumped, pulsed
dye laser was used to resonantly excite the Pr3-:LaF;
crystal at 477.8 nm. The laser pulses ( ~ 5-ns long
and 10-GH:z linewidth) were first split into three
parts by beam splitters, two of which were optically
delayed by use of a White cell delay line. A spatial
filter was installed before the beam splitters to im-
prove the spatial profile of the laser pulses. The
individual laser pulses were expanded and collimated
with beam expanders to illuminate transmission
masks, and the images generated by the masks were
then focused onto the sample in a nearly coaxial
configuration. The masks were placed at the front
focal plane of the transform lenses, while the sample
was placed at the back focal plane, as shown in Fig. 1.
This arrangement ensures the exact Fourier trans-
forms of the input images at the sample. Here, the
focal length of the transform lenses was 400 mm, and
the separation angle between the first and second
pulses was approximately 2°. The echo emitted in
the direction opposite that of the data pulses (owing
to the phase-matching requirement) was detected by
a gated intensified CCD camera (Stanford Computer
Optics, 4 Quik-05) with the aid of a 50/50 beam
splitter and digitized by a frame grabber. The trans-
mission masks used in the present experiment were
black-and-white transparencies except for the resolu-
tion chart (Newport Corporation), which was a glass
substrate coated with opaque chrome.

———-7

For a simple image storage-retrieval experiment
we removed the transmission masks and the beam
expanders for the second and third pulses, and we
collimated the laser beams at the sample to simulate
delta function masks. Thus the recorded image is
the phase-conjugate replica of the data image [rela-
tion{1)]. The relative delays between the first (data)
and second (write) pulses and between the second and
third (read) pulses were 90 and 20 ns, respectively,
and the energy of the individual laser pulses was
approximately 30 ud.

4. Results and Discussion

A. Two-Dimensional Image Storage and Retrieval

To examine the fidelity and spatial resolution of the
retrieved images, we consider here the storage of only
one data image. Issues related to the storage of
multiple images, such as cross talk, have been ad-
dressed elsewhere.!?

The transmission mask for the data pulse here was
aresolution target consisting of the standard U.S. Air
Force pattern. The write and read pulses were plane
waves to simulate delta function masks. Figure 2
shows both the input image to be stored and the echo
image retrieved from the memory. Here the re-
trieved image was recorded from a single echo event
by the CCD camera and digitized by the frame
grabber; no signal averaging was performed. It is
clear from Fig. 2 that the retrieved image is of good
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Fig. 2. Experimental results showing the fidelity and spatial

resolution of the image retrieved from TDOM:
image (resolution chart), (b) echo image.

(a) input data
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quality; no apparent distortions were detected. The
closest line pairs resolved in the measurement were
approximately 3.17 line pairs/mm (i.e., group 1,
element 5).

Careful examination shows that the measured spa-
tial resolution was limited primarily by the recording
system (i.e., the CCD camera) and does not represent
the intrinsic resolution of the memory. We believe
that this limit in the spatial resolution was deter-
mined largely by the blooming effect in the microchan-
- nel-plate intensifier, which was caused by high instan-
taneous echo power detected by the CCD camera.
Although the total echo energy in the experiment was
low (~ 1 nJ) here, the instantaneous power was of the
order of several watts because of the short pulses.

Since we stored here a Fourier-transformed image
in a small sample area (determined here by the size of
the write~read pulses to be ~2 mm in diameter), the
high-frequency components of the input image were
not entirely collected, so the retrieved image was not
as sharp as the input image, as evident in Fig.
2. This effect, however, can be removed if larger
write-read beams are used.

The use of the first pulse as a data pulse in this
counterpropagating geometry ensures high-quality
echo images because the recalled image is a phase-
conjugate replica of the data image (as discussed in
Section 2), and any distortion caused by optics is
removed upon retrieval. We also examined the use
of the second pulse as a data pulse, and the results
showed measurable differences in image quality.
This unique property relaxes considerably the require-
ments on the imaging optics of the memory and even
permits the use of optical fibers for image transmis-
. sion.

8. Image Storage and Retrieval Through an Optical Fiber

Image information, encoded as a spatial intensity
pattern, is rapidly scrambled as it propagates in an
optical fiber because of mode coupling.2> The only
method known thus far to restore an image scram-
bled by an optical fiber is to use a phase-conjugating
mirror and to retransmit the scrambled image through
an identical fiber link. This finding limits the practi-
cal use of optical fibers for image transmission.

We present here an example in which optical fibers
are used for image transmission in a practical image-
storage device. As discussed earlier, if the first input
pulse is used as a data pulse, the time-domain optical
memory is essentially a delayed phase-conjugating
mirror. Therefore the scrambled echo images, after
being transmitted through the same fiber that creates
the distortion during data storage, are restored to

- their original undistorted form upon retrieval.

Figure 3 shows experimental results that demon-
strate such an application to image transmission.
Here the input image was first focused into a multi-

. mode fiber 1400-um diameter and 40-cm long) by use
of a 400-mm focal-length lens. The output from the
fiber was then imaged onto the sample (see the
portion labeled Optional in Fig. 1). No other changes
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Echoes

4c-
Fig. 3. Experimental demonstration of phase conjugation: ta
input data image. 'b- after passage through a multimode optical
fiber, (c) echo image retrieved.

to the experimental apparatus were made. As ex-
pected, the input image was completely scrambled
after being transmitted through the fiber 'Fig. 3ibi.
However, when the scrambled image was stored and
later retrieved through the same fiber, we detected a
restored image, as shown in Fig. 3(c;.

These results have important implications for the
development of TDOM. With optical fibers the mem-
ory can be more compact and requires no optical
alignment. Furthermore, multiple fibers can be used
to simultaneously store and retrieve many images to
increase further the data throughput rate or to store
large images that cannot be handled by lens systems.
Another potential application of this fiber-based opti-
cal memory would be a multiuser central system, in
which each user’s data are stored through an optical
fiber in one memory location in the central system.
This approach would significantly reduce the cost as
well as the effort of keeping the storage material at
required low temperatures. However, issues such as
the effect of fiber thermal fluctuation on retrieved
images must be carefully studied before implementa-
tion of this technique.

C. High-Speed image Processing

The unique storage-retrieval mechanism of TDOM
permits its use for high-speed image processing, as
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discussed earlier. Xu et al. have demonstrated the
operation of two-image correlation by using TDOM.!!
However, because these authors used transmission
masks with high degrees of symmetry, they were
unable to demonstrate certain features of spatial
correlation. In addition, .two-image convolution
available with TDOM has not been studied experimen-
tally.

To demonstrate two-image convolution and correla-
tion with clarity, we used transmission masks with
low degrees of symmetry, such as the numerals 5 and
7. The horizontal direction (from left to right) of the
masks was chosen to be the x axis, and the vertical
direction (from bottom to top) was chosen to be the y
axis. The z axis (here we use the right-hand coordi-
nate system) was chosen to be along the same direc-
tion as that of the second (write) pulse. Qur experi-
mental results (summarized in Fig. 4) show that the
two-image correlation operations [Figs. 4(a) and 4 by,
are not symmetric with respect to the order of the
inputs, but the convolution operations are |[Figs. 4:c)
and 4(d)]. Figure 4 further shows that, if the second
pulse were used as a data pulse, the retrieved image
would be inverted (x — ~x, y — —y), as predicted by
relation (2).

This demonstrated processing ability, along with
its potentially high storage density, makes TDOM an
ideal candidate for high-speed pattern recognition.
A large data base can be created before processing by
storage of reference images into the memory sequen-
tially with a single write pulse. The unknown spa-
tial information to be analyzed (or the data image is
carried by the read pulse at a later time. Under this
condition the echoes, generated upon the arrival of
the data image, are the spatial correlations between

rput meges Echo mege
1 2 3
Piane
1al
Plane o

(bl

Plane
(c)
(d)
Fig. 4. Experimental results showing the use of TDOM to per-

form the following: (a), (b) two-image correlations; (c), (d) two-
image convolutions.

Plane . 7
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the data image and every reference image. Since the
temporal sequence of the echo pulses is uniquely
related to that of the reference pulses, the reference
image that yields high spatial correlation with the
daia image can then be identified from the correspond-
ing echo image. Such an application to pattern
recognition has been recently demonstrated success-
fully in our laboratory.}4

Further applications of TDOM include optical inter-
connects. in which the stored images can be directed
simultaneously to many output ports by use of an
appropriately encoded read pulse. Figure 4(c) dem-
onstrates such an application, in which the stored
numeral 7 was sent simultaneously to three output
ports by the read pulse. The advantage of this
approach to optical interconnects is its rapid repro-
grammability. This output ports can be changed
every time a read command is issued.

The quality of the echo images obtained here may
be improved further by use of a coaxial geometry,
because under this condition the phase-matching
requirement is met in the entire Fourier plane.
Other possible improvements include the use of large
storage crystals to accommodate high spatial fre-
quency components for sharp echo images.

5. Conclusion

We have examined the use of the time-domain optical
memory for image storage and image processing.
Our results suggest that the first pulse should be used
as a data pulse to carry spatial information for image
storage, since under this condition the retrieved
image is the phase-conjugate replica of the data
image. This unique feature not only ensures the
recall of distortion-free images but also permits the
use of optical fibers for image transmission. The
latter opens the possibility of development of fiber-
optics-based image-storage devices.

The inherent image-processing capability of TDOM
provides unprecedented flexibility in the handling of
stored information, making it an ideal candidate for
high-speed pattern recognition and optical intercon-
nections. Combining these features with the tempo-
ral processing ability demonstrated elsewhere 510
TDOM shows an incomparable potential to be a
high-performance high-density massively parallel op-
tical memory with features such as content-based
retrieval.

This research was supported by the U.S. Air Force
Office of Scientific Research under contract F-49620-
90-C-0083. The authors thank Michael Winey of
Washington State University for providing the optical
fiber.
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High-speed pattern recognition by using stimulated echoes

X. A. Shen and R. Kachru
Molecular Physics Laboratorv, SRl International, Menlo Park, California 94025

Received December 19. 1991

We present experimental results demonstrating the use of stimulated echoes for high-speed pattern recogni-
tion. Onme data image and two reference images (spatially encoded laser pulses) were stored and processed in
a Pr*":LaF; crystal by focusing the pulses sequentially into the storage material. The processed information
was later retrieved by a read pulse, generating two temporally separated echo images that are the spatial corre-
lations between the data and reference images. Identification of the data image was accomplished by finding
the echo image that showed the highest spatial correlation with the data image. The present processing speed

is 30 ns per correlation operation.

The use of stimulated echoes to store a two-
dimensional image was first demonstrated in gas by
Carlson et al.! and subsequently in rare-earth solids
by Kim and Kachru? The work was later extended
to the storage of two images, and the results show
no measurable cross talk between the inputs.®
Recently Xu et al.* demonstrated the use of back-
ward stimulated echoes for high-speed image pro-
cessing and showed that two-image correlation and
convolution can be operated on a nanosecond time
scale. This dual ability to store and process images
makes the stimulated-echo technique a potential
candidate for high-speed pattern recognition.

Existing methods for pattern recognition, such as
digital computer processing, Van der Lugt hologra-
phy,’ neural networks,® and four-wave mixing in
photorefractive materials,”® suffer from two ma-
Jor disadvantages: slow processing speed and very
limited memory capacity. To make pattern recog-
nition practical, one would have to develop a high-
speed processor that compares the unknown test
image with a potentially large number of reference
images. Thus far no such device is available. In
this Letter we demonstrate the use of stimulated
echoes for nanosecond pattern recognition. We
show that this technique has the potential to meet
the needs discussed above, i.e., high storage density
and high processing speed.

The approach to pattern recognition used here is
based on the concept of performing high-speed corre-
lation between a data image (i.e., an unknown image
to be analyzed) and every reference image stored in
the data base. Three spatially encoded laser pulses,
one representing a data image and the others repre-
senting reference images, are focused sequentially
into a rare-earth solid (0.1 at.% Pr**:LaF;) at
477.8 nm, a laser wavelength resonant with the P
3H, transition of the crystal. The images are thus
stored and processed in the Pr®*:LaF; crystal, and
the processed information is later retrieved by an-
other laser pulse (read pulse), generating two echo
images that are separated in time. Each of the
echo images is the spatial correlation between the
data image and one of the reference images. Since
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the temporal sequence of the echo pulses is related
uniquely to that of the reference pulses, the refer-
ence image that yields high spatial correlation with
the data image can then be identified from the cor-
responding echo image.

The storage of optical information in stimulated
photon echoes is accomplished through spectral in-
terference created in the storage material on inter-
action with two (or more) temporally separated laser
pulses. This interference, similar to the spatial
interference of two coherent light beams in hologra-
phy, contains the complete information about
the combined laser pulses.’® Consider a simple
three-pulse echo experiment in which the center
laser frequency is wo. The three pulses interact se-
quentially with a sample consisting of an assembly
of ions whose center absorption frequency is equal to
the laser frequency. On interaction of the first
pulse with these ions, at time ¢,, a fraction of the
ions are excited from their ground state to the ex-
cited state by absorbing laser photons. Owing to
the coherent nature of the laser pulse, the transition
dipoles of all the excited ions, immediately after the
interaction, will have an identical phase determined
by the laser pulse. However, because of the pres-
ence of inhomogeneous broadening, each excited ion
oscillates at its own frequency w, which may differ
from the laser frequency. When the second laser
pulse arrives, at ¢,, it interferes with the effect of
the first pulse differently for each excited ion be-
cause of the different amounts of phase accumulated
by the dipoles of the ions. If the dipoles ave in
phase with the second pulse at ¢;, the interference is
constructive; otherwise it is destructive. Thus the
population of electrons in the ground and excited
states is spectrally modulated, and this modulation
contains the complete information about the com-
bined laser pulses. Owing to the presence of the
ground-state hyperfine structures in rare-earth
ions, the spectrally modulated population distribu-
tion can persist for a long time in the hyperfine
states. A storage time of several hours was recently
demonstrated in EuYAlIO;.!

The effect of the read pulse on the storage mate-

© 1992 Optical Society of America
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Fig. 1. Schematic of the experimental setup for high-
speed pattern recognition. The temporal sequence of the
input and echo puises is also shown. DL, dye laser; SF,
spatial filter; M’s mirrors; BS's, beam splitters; OD’s, opti-
cal delays; BE's, beam expanders; BC, beam combiner;
ICCD, intensified CCD camera.

rial at ¢, is to induce coherent radiation (an echo)
whose temporal profile is proportional to the Fourier
transform of the frequency-labeled ground-state
population distribution. Since this distribution is
spectrally modulated, the induced macroscopic po-
larization P at a time (echo time) ¢, = ¢; + (¢; — ¢y),
in the limit of small pulse area,'® can be shown to
have the form

P = utuzu; expli(=k, + k: + ky) - r], Q)

where u; is the amplitude modulation of the electric
field of the ith laser pulse and k; is the wave vector
of the pulse. The information of the input laser
pulses is thus retrieved.

The ability to process two-dimensional images
can be readily seen from relation (1). If instead the
Fourier-transformed images are stored, P will be
proportional to the product of the three transformed
images. If, in addition, the echo image is Fourier
transformed again on retrieval, then the resulting
amplitude of the echo electric field E, is related
to the three input images through the following
relation*”:

Efx,y) x ui(—x,—y) @ ux(~x,—y) * us(—x, -y,
(2)

where ® and * represent the spatial Fourier corre-
lation and convolution, respectively. Relation (2)
states that if u, is a delta function, the echo image is
a convolution of u; and u;. If instead u, (or u;) is a
delta function, the echo image is a correlation of «,
and u; (or u,).

Spatial Fourier transformations can be accom-
plished by using converging lenses. It is known that
if an object mask (used to spatially modulate a laser
pulse) is placed at the outer focal plane of a trans-

C-2

April 1, 1992 / Vol. 17, No. 7 / OPTICS LETTERS 521

form lens, the resulting image at the inner focal
plane is an exact Fourier transform of the object
mask.'? Thus input images can be Fourier trans-
formed by use of this lens geometry before storage.
When the stored information is later retrieved, it is
Fourier transformed back by the lens, the result
being an echo image whose electric field amplitude
is given by relation (2).

The above analysis can be generalized to cases in
which one of the pulses is replaced by a pulse train.
In the present experiment the second pulse is re-
placed by two small pulses to represent reference
images. It can be shown that this arrangement pro-
duces two echo images, oneatt, = £; + (¢, ~ ¢,) and
the otherat ¢, = t; + (t» — t,), each of which has the
form given by relation (2).

Figure 1 shows the experimental arrangement
along with the temporal sequence of the laser and
echo pulses. A Nd:YAG-laser-pumped, pulsed dye
laser with a 10-GHz linewidth and a 5-ns pulse
width was used to excite resonantly the Pr®":LaF;
crystal at 477.8 nm. The laser pulse, after passage
through a spatial filter, was divided into four parts
by using beam splitters, and three of these parts
(pulses 2, 2', and 3) were optically delayed by using a
White cell delay line. Pulses 1, 2, and 2' were then
expanded to a diameter of approximately 25 mm by
telescopes to illuminate the object masks (black-
and-white transparencies). The energies of the
input pulses ranged from 30 to 50 ud. Two achro-
matic doublets of 40-mm focal length were used
coaxially to focus the images into the crystal.

Since counterpropagating geometry was used
here, pulses 2 and 2’ propagated collinearly along
the optical axis in the direction opposite to the read
pulse (puise 3). Pulse 1 was focused by one of the
doublets at a 30-mrad angle to the direction of the
read pulse. To simulate a delta-function mask for
pulse 3 (equivalent to a plane wave at the sample),
we placed a third lens outside the two-lens system to
collimate the beam at the sample. Pulses 1, 2, and
2' were sequentially focused into the sample, and the
delays of pulses 2, 2’, and 3 relative to the first pulse
were 85, 115, and 130 ns, respectively. The
Pr®*:LaF; sample (6-mm diameter, 1-mm thickness)
was mounted in a liquid-helium cryostat, and the
temperatures used in the experiment varied be-
tween 6 and 8 K. We chose Pr®’:LaF; for the
demonstration because it has a short storage time
(~100 ms) and thus permitted us to run exper-
iments at 10 Hz for convenience.

The echo pulses that propagated in the direction
opposite to the first pulse were Fourier transformed
by the doublet (see Fig. 1), and the resulting images
at the outer focal plane were recorded by a gated
intensified CCD camera (Stanford Computer Optics,
4 Quik-05) and digitized by a frame grabber. We
used a 50-ns pulse to gate the intensified CCD to
permit detection of individual echo images.

To ensure that the operations of spatial correla-
tion were correct, we first tested the experimental
apparatus with the following masks: a numeral 7
for pulse 1, two vertically (or horizontally) separated
dots for pulse 2 (or pulse 2", and a plane wave for the
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Fig. 2. (a), (b) Photographs show'ng two successive oper-
ations of a two-image correlation. The two echo images
(e and e) were separated by 30 ns and recorded indi-

vidually by the gated intensified CCD camera. The last
photograph in (b) shows the simuitaneous recording of the

two echo images.
Input images Echo images
1 ? 2 . L3

Fig. 3. Photographs demonstrating nanosecond pattern
recognition. Pulse 1 is the data image to be analyzed,
and pulses 2 and 2’ are the reference images. (a) Correla-
tions of the reference images with a data image consisting
of two O’s and two X's. (b) After the right side of the data
image in (a) is blocked. (c) After the left side of the data
image in (a) is blocked. (d) After the data image in (a) is
rotated by 90°.
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read pulse (pulse 3). The experimental results are
shown in Fig. 2. The first recorded echo image is
two 7’s separated vertically, representing the corre-
lation of pulses 1 and 2. The second echo image is
also two 7’s, but the two are separated horizontally,
representing the correlation of pulses 1 and 2'. The
last picture shows the simultaneous recording of the
two echo images. Figure 2 clearly demonstrates
two successive operations of spatial correlation. No
cross talk between input images was detected.

To demonstrate pattern recognition using stimu-
lated echoes, we chose a mask that consists of two
O’s and two X’s for the data pulse, as shown in
Fig. 3(a). The masks for the reference images were
an O for pulse 2 and an X for pulse 2’. The first
echo image (e) shows two bright points located in
the upper left and lower right areas, indicating that
these two parts of the data image are highly corre-
lated with the pattern O. Indeed, the data image,
as shown in the figure, was encoded with a pattern
O in each of the areas. The second echo image (')
also shows two bright points, but the two points are

C3

rotated by 90° compared with the first echo, which
indicates the high spatial correlation between the
reference pattern X and the corresponding parts of
the data image. When the right (or left) side of the
data image was blocked, as shown in Fig. 3(b) [or
Fig. 3(c)], we detected, as expected, only one bright
point for each echo image. When the data image
was rotated by 90°, the corresponding echo images
were also rotated [Fig. 3(d)]. The results here were
recorded from single echo images by using the gated
CCD; no signal averaging was involved.

The present technique can, in principle, be applied
to a large number of reference images. Kroll et al.®®
have successfully demonstrated the storage of 48
optical data pulses in Pr®"\YAlIO;. A density of 10°
images in a 1-cm® sample is feasible by using the
present approach to data storage.

In the present study of pattern recognition, the
image storage and image processing were carried
out simultaneously in the storage medium. As
stated earlier, the stimulated-echo technique is ca-
pable of performing these two operations separately.
By replacing the first pulse with a pulse train to rep-
resent reference images, one can store these images
into the processor with a single write pulse.!! The
operations of two-image correlation can be carried
out at a later time, by using a read pulse that carries
unknown spatial information to be analyzed. This
delay can be several hours or longer."

In conclusion, we have successfully demonstrated
high-speed pattern recognition using the stimulated-
echo technique. The achieved processing speed was
30 ns per correlation operation, and the retrieved
images were of good quality. This work represents
what is to our knowledge the first demonstration of
pattern recognition using stimulated echoes.

This research was supported by the U.S. Air Force
Office of Scientific Research under contract
F-49620-90-C-0083.
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TIME-DOMAIN HOLOGRAPHIC IMAGE STORAGE
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ABSTRACT

We describe a practical approach to image storage in a coherent time-domain optical
memory, which can be readily implemented with existing technologies. In this approach, two-
dimensional images are stored holographically in narrow (< 1 MHz) frequency channels of a time-
domain storage material, with one image per channel. Advantages of this approach include fast
single-frame recording time, variable playback speeds, random frame access, and the ability to
perform in-memory image processing. Experimental results demonstrating high-resolution, high-
fidelity, single-channel image storage in Pr3+:YAIO3 with the use of a single-frequency ring laser
are presented.
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Image storage in coherent time-domain optical memory (CTDOM) has been demonstrated
successfully by using high-power pulsed lasers. 12 Like photochemical hole burning3 and
photorefractives,? this time-domain approach to image storage has the potential of offering
ultrahigh storage density and fast data access time. Unlike other optical memories, CTDOM is
capable of providing ultrahigh image transfer rates and offers features such as in-memory image
processing.5 However, difficulties arise in using the conventional time-domain approach to image
storage, namely multiple images per frequency channel. For example, existing image composers
such as an electronically-addressed spatial light modulators (SLM) do not have switching times fast
enough to accommodate the required recording speeds (> MHz). High-power pulsed lasers are
needed to make retrieved images detectable by electronic cameras. In addition, features such as

random frame (or page) access and variable playback speed are not available with the conventional
approach.

Here we propose a new approach to time-domain image storage. This approach not only
retains those features that are unique to CTDOM, but also permits random frame access and
variable playback speed. Most importantly, it can be readily implemented with the use of existing

low-power cw lasers, a key requirement for a practical storage device.

In the proposed approach, two-dimensional input images are stored in narrow (Av<1 MHz)
frequency channels within an inhomogeneously broadened absorption line of a rare earth solid by
using a low-power cw laser, with one frame per frequency channel (Fig. 1). Each image is stored
by first tuning the laser wavelength to the desired channel and illuminating the sample with two
temporally separated pulses known as the reference (E,-l) and the object (E ) pulses. E,l, a
spatially uniform laser pulse carrying no information, proceeds E , which carries the spatial
information (e.g., an image) to be stored. The latter can be generated by transmitting a spatially

uniform laser pulse through an SLM. The image thus recorded is a time-domain hologram
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resulting from the interference of the temporally delayed pulses via interaction with dipoles in the
storage material 57

The above recording procedure is repeated for subsequent input images at different
channels and it can be initiated, for example, at the low frequency side of the inhomogeneous
line and completed at the opposite side by incrementally increasing the laser wavelength at the
comresponding input rate. For an inhomogeneous bandwidth of 6 GHz (typical of a rare earth

solid) and Av = 1 MHz, a total of 6000 images can be stored at one spatial location.

The image stored in a particular channel is recalled by tuning the laser wavelength to the
channel location and exciting the sample with another reference pulse (or the read pulse, Er),
whose spatial profile is identical to that of E,. The read pulse induces an echo which contains
spatial information identical to E .1

The time required to record a single frame, 1, is determined by the temporal widths of Er,
and E as well as their separation which can be reduced to zero with no effect on the stored
information. The channel switching time can be much shorter than 7 for the small frequency
increment proposed here (i.e., <1 MHz). Thus, the upper limit of the recording speed is
determined mainly by the reciprocal of 1., and the latter can be estimated from the efficiency of

a stimulated echo.

It is important to realize that the temporal profile of an echo does not have to be identical to
its input in the proposed one-frame-per-channel approach. Thus, the requirements on E,l and Erz
can be relaxed considerably to permit the use of long reference pulses for efficient echo

conversions with a low-power laser.

The efficiency of three-pulse echoes is found to be proportional to sin2elsin292 (here 6,
is the ith reference pulse area), with a maximum around 0.5% (i.e., when 91=92=1t/2).6'7 The
efficiency is defined as the ratio of the echo intensity to the object beam intensity. For conveni-

ence, we assume that the laser used for image storage is a 500 mW single-frequency cw laser
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(commercially available) and that the images are reduced to approximately 1 mm x 1 mm before
being stored in a CTDOM. Furthermore, the electronic transition used for image storage has a
transition wavelength of 610 nm and an oscillator strength of ~2 x 10°8. Under this condition,

the pulse area for a 1-ys long square pulse is approximately equal to 1, giving rise to an echo
efficiency of ~0.25 %. If E is shorter than the reference pulses, the echo length is comparable to
the length of the reference pulses.”8 To a good approximation, we can use the latter to estimate
the tot- number of photons in an echo to be ~4 x 10° (assuming the object pulse power is also 500
mW). For a CCD camera consisting of 1000 x 1000 pixels, this gives an average intensity of

~4,000 photons per pixel, a signal level strong enough for faithful retrieval.

The above estimate suggests that a cw laser of several hundreds of milliwatts is sufficient
to store images in a CTDOM at MHz rates. This feature of fast recording speed at a modest laser
power, to our knowledge, is not available with other optical techniques for image storage,

including accumulated photon echoes.?

Unlike conventional time-domain storagc,7 the one-frame-per-channel approach permits the
playback speed to differ from the recording speed. The maximum playback speed is limited only
by the length of E,-2 and, thus, can exceed the maximum recording speed, provided that the
scattered light from read pulses in adjacent frequency channels does not interfere with the echo
signal. Random frame access is now possible without further modification. Another advantage

is that materials with short dephasing times (> 1,) can be used here because of the short 1.

To demonstrate the feasibility of using low-power lasers for image storage in the proposed
scheme, we performed two-dimensional image storage in a Pt :YAIO; crystal (~0.1 at. %).
Figure 2 shows the schematic of the experimental apparatus. The 31-14- 11)2 transition of
Pr3+:YA103 (a wavelength of 610.5 nm) was used and the sample (2.5-mm thick X 7-mm
diameter) was mounted in a He-vapor cryostat at ~4 K. The reference and object pulses were
generated by modulating a cw ring laser (Coherent 699, with a linewidth of ~1 MHz) with two

acousto-optic modulators. The object pulse was expanded to approximately 2 cm in diameter to
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illuminate a mask for spatial encoding. The reference pulses were also expanded and collimated by
a telescope, but only to 4 mm. The arrangement of E | and E,l (Efz) here was chosen to be similar
to those used in standard holographic data storage, i.e., E. and E‘,rl (Er,) propagate along different
directions and intersect at the sample as shown in Fig. 2 (here the intersecting angle was ~8).
Instead of imaging the input on the sample to the size required for efficient echo generation, we
used a single lens and placed it behind the mask to focus the image down to approximately 1 mm x
1 mm. Anidentical lens was used behind the sample to reconstruct the focused image back to its
original form which was then detected by a gated intensified CCD camera (a 6 mm x 4.5 mm CCD
chip with 610 x 488 pixels). The separation between the mask and focusing lens was chosen to be
cqual to the focal length. The image thus stored was only an approximate Fourier image (because
the sample was not exactly in the focal plane) and, as a result, its DC terms were spread over a
much larger area in comparison to an exact Fourier image to prevent image-dependent saturation at

the center.

Figure 3 shows an input (a standard U.S. Air Force resolution chart) and its echo image.
The image was stored by a 5-is long reference pulse and later recalled by a read pulse of the same
length. For experimental convenience, we chose the separation between E; andE, (or E,) tobe
~15 ps (or 55 us) and the length of E was 2.5 ps. The power of the three inputs was ~150 mW.
Careful inspection shows that the closest line pairs resolved were >4.0 line pairs/mm (group 2
element 1). The echo image was obtained from a single storage/retrieval event with no signal

averaging.

Using lenses for image storage has several advantages. The size of E, at the sample can be
continuously adjusted to achieve optimum intensity. The recalled images are less affected by small
defects in the storage materials because any variation of material quality in the Fourier plane is
distributed over the entire image upon inverse transformation. Furthermore, it provides the ability
to perform image processing.""5 For example, by encoding Er2 with desired spatial information

and focusing it onto the sample, the recalled image (after inverse transformation) is a convolution
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of Er, with the stored image. Thus, two-image convolutions can be performed in the memory in
any desired order at speeds up to MHz.

We further examined the response of echoes to grayscale inputs by using a mask (4 mm x
11 mm) consisting of six different transmission levels (Fig. 4a), and the recorded echo is shown in
Fig. 4b. To quantitatively evaluate the image quality, we plotted (Figure 4c¢) the intensity averaged
over rows (excluding the rows where numeric labels for different brightness bands were located)
as a function of the column number for both the object and echo images, and found that the
brightness ratios taken between adjacent transmission levels of the echo match those of the object
image to within 13%. The observed low intensity in the first 40 columns in Fig. 4c arises from the
presence of opaque letters printed along the side of the input, and the slow change of intensity from
one brightness level to the next is caused by slight misalignment of the input image with respect to
the CCD camera.

The quality of the recorded images here (both the input and the echoes) was found to be
limited by the non-uniform response of the gated image intensifier in the CCD camera. Images
(e.g., input images) with improved quality can be obtained by using a conventional CCD camera
having no microchannel-plate intensifier. This finding suggests that the intrinsic quality of the
echo images may well be higher than what was observed here. Another factor affecting the image
quality is the Gaussian nature of laser spatial profiles. Spatially uniform laser beams are necessary
for high-quality image storage.

In conclusion, we proposed a practical approach to image storage in CTDOM, which
features random frame access, variable high recording and playback speeds, and in-memory
image processing. We further performed a feasibility study of the approach by storing images
into ~1-MHz wide frequency channels in Pr* :YAIO; using a low-power cw laser, and the
recalled images were found to be of high fidelity.




This research was supported by the U.S. Air Force Office of Scientific Research under
contract F-49620-90-C-0083. One of us (E.C.) acknowledges support from National Science
Foundation grant PHY-9300247.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

FIGURE CAPTIONS

Schematic of the one-frame-per-channel approach to image storage in CTDOM.

Experimental setup for time-domain holographic image storage. AOM, acousto-optic
modulator, ICCD, intensified CCD camera; BE, beam expander.

Experimental results demonstrating holographic image storage in CTDOM. (a) Input

image (resolution chart), (b) echo image.

Experimental results demonstrating the storage of grayscale inputs. (a) Input image
consisting of six different transmission levels. (b) Recalled image. (c) Average

intensities of the input and echo as a function of the column number.
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